ABSTRACT: Glucose is a major fuel for fetal development. Fetal blood glucose level is mainly dependent on maternal blood glucose concentration, though it is also regulated by fetal insulin level. Thioredoxin binding protein-2 (TBP-2), which is identical to vitamin D3 up-regulated protein (VDUP1) and thioredoxin interacting protein (Txnip), was recently reported to be a key transcriptional factor controlling glucose metabolism. Here, we elucidated the functions of TBP-2 in maintaining blood glucose homeostasis during the fetal period. TBP-2 ϩ/Ϫ female mice were mated with TBP-2 ϩ/Ϫ male mice; beginning 16.5-d post coitum, pregnant mice were fed or fasted for 24 h. Under conditions of maternal starvation, the blood glucose levels of TBP-2 Ϫ/Ϫ fetuses were significantly lower than those of TBP-2 ϩ/ϩ fetuses, corresponding to the elevated plasma insulin levels of TBP-2 Ϫ/Ϫ fetuses compared with those of TBP-2 ϩ/ϩ fetuses. There was no difference between TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses in terms of their pancreatic ␤-cell masses or the expression of placental glucose transporters under conditions of either maternal feeding or fasting. Thus, during maternal fasting, fetal TBP-2 suppresses excessive insulin secretion to maintain the fetus's glucose levels, implying that TBP-2 is a critical molecule in mediating fetal glucose homeostasis depending on nutrient availability. (Pediatr Res 67: 138-143, 2010) B ecause glucose is a major fuel for energy metabolism during fetal development, appropriate fetal glucose utilization is indispensable for normal fetal growth. The main source of fetal glucose is the maternal glucose pool, and fetal blood glucose concentration is proportional to maternal blood glucose level (1,2). The fetal blood glucose level is also regulated by the fetus's own insulin, as evidenced by the studies in fetal sheep showing that chronic withdrawal of insulin by streptozotocin injection to the fetus resulted in hypoinsulinemia with hyperglycemia (3-5). Conversely, direct infusion of insulin to the fetus decreases fetal glucose concentration in both sheep and rat fetuses (6,7). Thus, insulin can function as a blood glucose regulator during the fetal period.
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In mouse fetuses, the pancreas begins to develop from embryonic day 9.5 (E9.5) (8) . Pancreatic endocrine cells are present from the very beginning of pancreatic development (E9.5), whereas the cells that express insulin appear at E10.5. Endocrine cell genesis takes place through E14. 5 and results in numerous mature insulin-expressing cells (9) . The pancreatic duodenal homeobox gene-1 (Pdx-1) is a master regulator of both pancreatic development and the differentiation of progenitor cells into the ␤-cell phenotype (8) . During the later stages of islet development, around E17.5, the expression of Pdx-1 becomes mostly restricted to the mature ␤-cells of the endocrine pancreas (10, 11) . Therefore, murine pancreatic ␤-cells have the capacity to produce insulin at this relatively late stage of development.
Thioredoxin binding protein-2 (TBP-2) is a 46-kD protein that was identified in a yeast two-hybrid system study. It serves as a negative regulator of thioredoxin, one of the major antioxidant proteins (12) . TBP-2 is identical with vitamin D3 up-regulated protein (VDUP1) and thioredoxin interacting protein (Txnip). In addition to its redox regulatory activity, TBP-2 has a wide range of biologic functions in such areas as cell growth/differentiation, apoptosis, immunity, and metabolism (13) . Recently, it has been proposed that TBP-2 also has a central role in glucose metabolism. In humans, TBP-2 up-regulation caused by hyperglycemia induces insulin resistance, impairing glucose uptake in skeletal muscles (14) . TBP-2 is also associated with ␤-cell apoptosis due to glucose toxicity (15, 16) . TBP-2-deficient mice show marked hypogly-cemia with hyperinsulinemia under starvation conditions (17, 18) . It should be noted, however, that all of these studies have focused on adult glucose metabolism, while the function of TBP-2 in glucose metabolism during the fetal period remains unknown.
The purpose of this study, therefore, was to clarify the functions of TBP-2 in regulating blood glucose homeostasis in relation to insulin secretion during the fetal period.
METHODS

Study design using TBP-2
؊/؊ mice. TBP-2 Ϫ/Ϫ mice were generated as described previously (18) . Mice were housed individually with free access to water and chow diet during 14 h/10 h light/dark cycles. All animal experiments used age-matched mice (9 -11 wk of age). Heterozygous virgin female mice (TBP-2 ϩ/Ϫ ) were crossed with heterozygous male mice (TBP-2 ϩ/Ϫ ). This cross-yielded wild-type (TBP-2 ϩ/ϩ ), heterozygous type (TBP-2 ϩ/Ϫ ), and homozygous type (TBP-2 Ϫ/Ϫ ) fetuses. The day of initiation of pregnancy was determined by the presence of a vaginal plug that had formed after an overnight mating and designated as 0.5-d post coitum (dpc). From 16.5-dpc, pregnant mice were either fasted (Fasted) or fed ad libitum (Fed) for 24 h. At the end of 24 h of fasting or feeding, pregnant mice were anesthetized with pentobarbital sodium (125-mg/kg body weight, s.c.). Fetuses were collected and weighed, and fetal blood was immediately collected from trunk vessels into heparinized tubes. Maternal blood, placentas, and fetal pancreases were also collected, quickly frozen in liquid nitrogen, and stored at Ϫ80°C. Maternal blood and fetal blood were centrifuged at 3000 rpm for 30 min and the plasma thus obtained was stored at Ϫ20°C. For our analysis, we used dams whose litters included at least one TBP-2 ϩ/ϩ and one TBP-2 Ϫ/Ϫ fetus so that we could compare the phenotypes associated with different genotypes within a litter.
All experimental procedures were approved by the Animal Research Committee, Graduate School of Medicine, Kyoto University (Med Kyo 04116, 05348, 06221).
Measurement of blood glucose. Maternal blood glucose was measured using the Glutest Ace R blood glucose meter (ARKRAY, Kyoto, Japan) with blood obtained by cutting a tail vessel 30 min after anesthesia. The intra-assay coefficient of variation (CV) was less than 2.5%. Fetal plasma glucose was measured using the L-Type Glucose 2 assay (Wako Pure Chemical Industries, Osaka, Japan), as instructed by the manufacture's instructions. The CVs of the absorbances were less than 2%.
Plasma insulin analysis. Plasma insulin was measured using the Insulin ELISA Kit: Mouse, Ultrasensitive (Morinaga Institute of Biologic Science, Yokohama City, Japan) as instructed by the manufacture's instructions. The intra-assay CV was less than 10%.
Plasma lactate analysis. Plasma lactate was measured using the Determiner LA kit (Kyowa Medex, Tokyo, Japan) according to the manufacturer's instructions. The intra-assay CV was less than 5%.
Immunohistochemistry. Fetal pancreases were fixed in 10% formaldehyde and embedded in paraffin, and then 5-m-thick sections were cut from the paraffin blocks. The tissue sections were deparaffinized and dehydrated. Immunohistochemical staining for insulin and TBP-2 was performed using the high-polymer method with some modifications. The sections were incubated in 3% hydrogen peroxide for 10 min at room temperature to quench endogenous peroxidase activity. For detection of TBP-2, the sections were incubated with mouse monoclonal anti-Txnip antibody (K0205-3; Medical & Biologic Laboratories, Nagoya, Japan; 1:100 dilution) at room temperature for 1 h. Then the sections were incubated with Histofine Simple Stain Mouse MAX-PO (M) (Nichirei Bioscience, Tokyo, Japan) at room temperature for 30 min. For detection of insulin, the sections were then incubated with a rabbit polyclonal anti-insulin antibody (sc-9168; Santa Cruz Biotechnology, Santa Cruz, CA; 1:50 dilution) at room temperature for 1 h. Then the sections were incubated with Histofine Simple Stain Mouse MAX-PO (R) (Nichirei Bioscience) at room temperature for 30 min. Then, peroxidase activity was visualized by treatment with diaminobenzidine (Simple Stain DAB solution, Nichirei Bioscience) for 4 min. Nuclei were counterstained with Mayer's hematoxylin. The sections were then dehydrated, cleared, and mounted.
Apoptosis detection. Apoptotic cells in fetal pancreas were detected using ApopTag In Situ Apoptosis Detection Kits (Chemicon-Millipore, Billerica, MA), which label apoptotic cells by modifying DNA fragments utilizing terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL), according to the manufacturer's instructions. Nuclei were counterstained with methyl green. Quantitative RT-PCR analysis. Total RNA was extracted from placentas using Sepasol reagent (Nacalai Tesque, Kyoto, Japan) according to the manufacturer's instructions. mRNA expression was quantified using the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA) utilizing TaqMan technology as previously described (19, 20) . Briefly, reverse transcription and PCR were performed using a one-step methodology. A CT value, which represents the number of cycles necessary to reach the threshold, was identified for each reaction. For quantification of gene expression, we used the standard curve method. CT values were used to read off relative RNA amounts. An mRNA expression value was then obtained by dividing the value for TBP-2, Ins-1, Ins-2, Pdx-1, PEPCK, FBPase, or G6Pase by the value for Ribosomal RNA. All samples were run in duplicate.
Primers and probes.
Western blots. Protein extraction, SDS-PAGE, and immunoblotting were performed as previously described (21) . Briefly, homogenized proteins were fractioned using SDS-PAGE and transferred to an Immobilon P membrane (Millipore, Billerica, MA). For immunodetection, we used rabbit polyclonal antibody against Glucose Transporter GLUT1 (ab14683, Abcam, Cambridge, MA), Glucose Transporter GLUT3 (ab41525, Abcam), and beta ActinLoading Control (ab8227, Abcam). For the secondary antibody, we used horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (sc-2054, Santa Cruz Biotechnology). The signal was detected by chemiluminescence (Amersham ECL Plus Western Blotting Detection Kit, GE Healthcare BioSciences, Uppsala, Sweden) with exposure to Amersham Hyperfilm ECL (GE Healthcare Bio-Sciences). The intensity of bands was quantified through densitometry using ImageJ software (National Institutes of Health).
Statistical analysis. Values were expressed as means ϩ/Ϫ SEM. Data were analyzed using either unpaired t test or one-way ANOVA followed by the Student-Newman-Keuls test. For analysis of fetal blood glucose or insulin, we used a paired t test. This is because individual maternal blood glucose levels vary, so that the fetal blood glucose levels in one litter could be very different from those in another litter even when the two fetuses had the same genotype. For this reason, we compared blood glucose levels among littermates, by averaging the blood glucose levels of all TBP-2 ϩ/ϩ fetuses within a litter and those of all TBP-2 Ϫ/Ϫ fetuses within the same litter. Then, each TBP-2 ϩ/ϩ average was compared with the TBP-2 Ϫ/Ϫ average from the same litter by paired t test. To use this paired t test, we excluded TBP-2 ϩ/Ϫ fetuses from analysis, and p-values of less than 0.05 were regarded as statistically significant.
RESULTS
Fetal and placental weights. There was no statistically significant difference in mean litter size between the fed group (9.6 ϩ/Ϫ 0.8) and the fasted group (8.8 ϩ/Ϫ 0.3). Fetal and placental weights were also not significantly different among TBP-2 ϩ/ϩ , TBP-2 ϩ/Ϫ , and TBP-2 Ϫ/Ϫ fetuses in either the fed or the fasted state. Maternal fasting did not reduce fetal or placental weight in any fetal genotype (Table 1) .
Maternal and fetal blood glucose and plasma insulin levels. The blood glucose levels of TBP-2 ϩ/Ϫ mothers were markedly reduced by starvation (Fig. 1A) , almost to the degree Values are mean ϩ/Ϫ SEM for fed (TBP-2 ϩ/ϩ , n ϭ 18; TBP-2 ϩ/Ϫ , n ϭ 30; and TBP-2 Ϫ/Ϫ , n ϭ 19) and fasted (TBP-2 ϩ/ϩ , n ϭ 22; TBP-2 ϩ/Ϫ , n ϭ 30; and TBP-2 Ϫ/Ϫ , n ϭ 9). The data were analyzed using one-way ANOVA.
seen in wild-type dams (data not shown). Maternal fasting induced significant fetal hypoglycemia in both genotypes (Fig.  1B) . Under the fed condition, there was no difference in blood glucose levels between TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses (4.65 Ϯ 0.74 mM and 4.59 Ϯ 0.48 mM, respectively), but under the maternal fasting condition, the blood glucose levels of TBP-2 Ϫ/Ϫ fetuses (0.79 Ϯ 0.13 mM) became significantly lower than those of TBP-2 ϩ/ϩ fetuses (1.14 Ϯ 0.18 mM) (Fig.  1B, p ϭ 0.0116) .
Maternal fasting significantly lowered maternal plasma insulin levels; this decrease in insulin corresponded to the simultaneous decrease in blood glucose (Fig. 1C) . Maternal fasting also caused significant hypoinsulinemia in fetuses (Fig.  1D) . Under the fed condition, there was no difference in plasma insulin levels between TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses (0.85 Ϯ 0.12 ng/L and 0.80 Ϯ 0.19 ng/L, respectively), but under the maternal fasting condition, the plasma insulin levels of TBP-2 Ϫ/Ϫ fetuses (0.62 Ϯ 0.13 ng/L) were significantly higher than those of TBP-2 ϩ/ϩ fetuses (0.52 Ϯ 0.14 ng/L) (Fig. 1D , p ϭ 0.0196).
Fetal plasma lactate level. In fetal plasma, the lactate level was not statistically different between fed and fasted mice or between TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ mice (Fig. 1E ). Gene and protein expression and ␤-cell morphology in the fetal pancreas. In the TBP-2 ϩ/ϩ fetal pancreas, TBP-2 immunostaining was observed in the nuclei of islet cells and in the nuclei of exocrine cells, whereas the TBP-2 Ϫ/Ϫ fetal pancreas did not show any TBP-2 staining (Fig. 2A) . TBP-2 mRNA expression was almost completely absent in the TBP-2 Ϫ/Ϫ fetal pancreas (Fig. 2B) . Among TBP-2 ϩ/ϩ fetuses, TBP-2 mRNA expression in the pancreas was significantly higher in the maternal fasting group than in the fed group (Fig. 2B) . There was no difference in the mRNA expression levels of Ins-1 and Ins-2, the insulin gene, or in those of Pdx-1, between Figure 1 . Blood glucose, plasma insulin, and lactate concentrations. (A) Maternal and (B) fetal blood glucose concentrations in fed (n ϭ 7) and fasted (n ϭ 6) dams. (C) Maternal and (D) fetal plasma insulin concentrations in fed (n ϭ 7) and fasted (n ϭ 6) dams. In (B) and (D), the concentrations in the thioredoxin binding protein-2 (TBP-2)-deficient (Ϫ/Ϫ) fetuses were compared with that in the wild-type (ϩ/ϩ) fetuses. E, Fetal plasma lactate concentrations in fed (n ϭ 7) and fasted (n ϭ 6) dams, comparing the wild-type (ϩ/ϩ) fetuses with the TBP-2-deficient (Ϫ/Ϫ) fetuses. Values are mean ϩ/Ϫ SEM in (A), (C), and (E). The data presented in (A) and (C) were analyzed using t test, while those presented in (B) and (D) were analyzed using paired t test. The data presented in (E) were analyzed using one-way ANOVA. *p Ͻ 0.05, **p Ͻ 0.01. 
TBP-2
ϩ/ϩ and TBP-2 Ϫ/Ϫ in either the fed or the fasted state (Fig. 2C) . Moreover, there were no differences in ␤-cell mass among the four groups (Fig. 2D) . In the TUNEL assay, there was minimal apoptosis in the fetal pancreas, and there was no apparent difference among TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ in either the fed or fasted fetuses (Fig. 3) .
Expression levels of placental glucose transporter (GLUT). There was no difference in GLUT1 or GLUT3 protein expression in the placenta between TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses in either the fed or the fasted group, which suggests that glucose transport across the placenta was not affected by the presence or absence of the TBP-2 gene (Fig. 4) .
Expressions of gluconeogenic genes in the fetal liver. The mRNA expression of the gluconeogenic genes (PEPCK, FBPase, and G6Pase) in the fetal livers tended to be higher by maternal starvation (Fig. 5) . TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses subjected to maternal fasting exhibited no differences in mRNA expression of these genes (Fig. 5) .
DISCUSSION
In this study, we first demonstrated that TBP-2 is a critical blood glucose regulator during the fetal period, particularly when the dam becomes hypoglycemic. The low blood glucose concentrations seen in TBP-2 Ϫ/Ϫ fetuses subjected to maternal starvation were accompanied by relative hyperinsulinemia. Because fetal insulin is one of the regulators of the fetus's blood glucose level (3-5,7), our results indicate that TBP-2 suppresses the plasma insulin level to maintain fetal blood glucose homeostasis when maternally derived energy is inadequate and thus to protect the fetus from harmful hypoglycemia. When maternal food intake is sufficient, TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ fetuses exhibit similar blood glucose levels, suggesting that the TBP-2 gene is silent when enough energy is available. Therefore, TBP-2 is a critical molecule in the physiologic adaptation to fasting.
In adult TBP-2-deficient mice, hyperinsulinemic hypoglycemia has been reported as a result of fasting (17, 18, 22) . As for the fetal period, however, its metabolic changes have not yet been studied in mice of this genotype. Murine ␤-cells are already functioning at E16.5-E17.5, making it possible that the hypoglycemia observed in TBP-2-deficient fetuses is induced by the action of fetal ␤-cells. On the basis of this possibility, we reproduced in fetal TBP-2-deficient mice a hyperinsulinemic hypoglycemia similar to that seen in TBP-2-deficient adult mice. The present findings suggest that the regulation of insulin secretion by TBP-2 is already functioning before birth.
We have observed in another study that the forced expression of TBP-2 suppresses glucose-stimulated insulin secretion, whereas the knockdown of TBP-2 augments glucose-induced insulin secretion in INS-1 (rat insulinoma ␤-cells) in vitro (Yoshihara et al., manuscript in preparation). Minn et al. (23) reported the same finding as ours, namely, that over-expression of Txnip repressed insulin secretion in INS-1. This evidence is compatible with our finding that TBP-2 Ϫ/Ϫ fetuses showed higher plasma insulin levels during maternal starvation.
Regarding the molecular mechanism of increased insulin secretion in TBP-2 Ϫ/Ϫ mice, we speculate that TBP-2 might regulate the reduction-oxidation (redox) status in pancreatic ␤-cells. It is known that lactate levels reflect the cellular status of NADH/NAD, which regulates insulin release. Although the lactate level in fetal plasma was not statistically different between feeding and fasting or between the TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ groups in our study, the "cytoplasmic" lactate level might be affected by feeding status (i.e. fasting versus feed- (TBP-2 ϩ/ϩ , n ϭ 5, and TBP-2 Ϫ/Ϫ , n ϭ 5) and the fasted group (TBP-2 ϩ/ϩ , n ϭ 5, and TBP-2 Ϫ/Ϫ , n ϭ 5). The graphs show quantification of the band intensities of GLUT1 and GLUT3 by densitometric analysis, divided by the band intensity of ␤-actin. The data were analyzed using one-way ANOVA. ing). Ivarsson et al. (24) showed that NADH/NAD status in pancreatic ␤-cells affects the exocytosis of insulin granules. Moreover, they showed that this redox regulatory system is further regulated by TBP-2. Considering the fact that TBP-2 is a negative regulator of thioredoxin, which is a dominant antioxidant protein, TBP-2 might control insulin secretion through redox regulation. This possibility is now under investigation in our laboratory.
In the fed state, there were no significant differences in pancreatic ␤-cell mass, apoptosis, or pancreatic mRNA expression of Ins-1, Ins-2, and Pdx-1 between TBP-2 ϩ/ϩ fetuses and TBP-2 Ϫ/Ϫ fetuses, which implies that TBP-2 does not affect ␤-cell differentiation, proliferation, or apoptosis in the physiologically developing pancreas. It has been reported that older TBP-2-deficient mice (9-mo-old TXNIP nonsense mutation mice) have larger pancreatic ␤-cell masses than wildtype mice of the same age have (25) . No such ␤-cell mass enlargement was observed in TBP-2 Ϫ/Ϫ fetal pancreases in our study. We further observed that maternal fasting did not change either the pancreatic ␤-cell mass, apoptosis, or the mRNA expression of Ins-1, Ins-2, and Pdx-1 in TBP-2 Ϫ/Ϫ fetuses. Therefore, we concluded that the relative hyperinsulinemia observed in fasted TBP-2-deficient fetuses was not due to the change of ␤-cell mass.
Glucose transport from mother to fetus is mediated by the placental glucose transporters GLUT1 and GLUT3, through facilitated diffusion down a concentration gradient (26) . We demonstrated that maternal feeding status did not affect the expression levels of the placental glucose transporters in any fetal genotypes, and thus that glucose transfer from mother to fetuses might not be affected by fetal/placental genotype.
The mRNA expression of the gluconeogenic genes (PEPCK, FBPase, and G6Pase) in the fetal livers of the mice in this study tended to be higher in the maternal starvation group, but there was no difference between the TBP-2 ϩ/ϩ and TBP-2 Ϫ/Ϫ groups in their expression. In adult TBP-2-deficient mice, however, impaired hepatic glucose production has been observed despite equivalent mRNA expression of G6Pase and PEPCK (27) , so that there remains the possibility that insufficient gluconeogenesis may contribute to the hypoglycemia observed in TBP-2 deficient fetuses. We cannot make a definite conclusion on this matter at the present time.
As for peripheral glucose utilization, we and others have found that TBP-2 deficiency increased peripheral glucose uptake in insulin-dependent pathway (17, 22, 28) . On the other hand, enhanced glucose uptake in an insulin-independent manner has been also demonstrated in Txnip-silenced adipocytes and skeletal muscle (14) . These data lead us the belief that enhanced peripheral glucose uptake might also contribute to the lower blood glucose levels observed in TBP-2-deleted fetuses.
TBP-2 responds to high-glucose stimulation; this is explained by the evidence showing that the promoter region of the TBP-2 gene includes a carbohydrate response element (16) . In contrast, it is unclear how TBP-2 responds to a low-glucose or low-energy state. We observed that maternal food restriction leads to an elevation of maternal plasma glucocorticoid levels, which leads in turn to a marked elevation in fetal plasma glucocorticoid levels (Ref. 29 and Mogami, unpublished observation). This implies that elevated blood glucocorticoid levels caused by starvation turns on TBP-2 transcription, which leads to the suppression of insulin secretion. In addition, TBP-2 deficiency does not increase plasma insulin concentration when adequate glucose is present. It is also possible that regulation of insulin secretion by TBP-2 depends on an intracellular signal that is activated only when glucose supply is diminished.
In conclusion, TBP-2 expression is up-regulated in fetal pancreases responding to energy deprivation due to maternal fasting. TBP-2 suppresses excessive insulin secretion to maintain the blood glucose level. Thus, TBP-2 is a critical component in the maintenance of fetal glucose homeostasis depending on nutrient availability. 
